then modeled brain activity as a function of willingness to pay, estimated calories, and true caloric density.
Following previous research using the BeckerDeGroot-Marshak auction, we expected to find valuerelated activity in the ventromedial prefrontal cortex (vmPFC) and, possibly, the nucleus accumbens. Previous work has shown that willingness to pay is reflected in neural activity in the vmPFC (Plassmann, O'Doherty, & Rangel, 2007) . Brain activity in the nucleus accumbens in response to food cues has also been shown to predict subsequent consumption (Lawrence, Hinton, Parkinson, & Lawrence, 2012) , which suggests that it also reflects aspects of value. A recent meta-analysis identified the vmPFC and nucleus accumbens as encoding subjective value at the time of a decision (Bartra, McGuire, & Kable, 2013) . Understanding the attributes of foods that predict value, and the influence of learned attributes of food, may provide information on how food choices are made in an increasingly obesogenic food environment.
Method
We first showed 29 healthy, normal-weight individuals pictures of 50 familiar food items (20 low calorie and 30 high calorie) and asked them to rate, on a continuous scale between 1 and 20, how much they liked each item and the range of calories each item contained. Sample size was determined a priori on the basis of the effect sizes obtained in our previous fMRI study with food stimuli (Malik, McGlone, Bedrossian, & Dagher, 2008) . Caloric density (calories/gram) of each food item was determined from the package label for processed foods and from an online calorie counter (http://caloriecount.about .com) for fruits and vegetables. On a separate day, we administered the Becker-DeGroot-Marshak task (Becker et al., 1964; Plassmann et al., 2007) while the same participants underwent fMRI to measure brain activity associated with the valuation of these same food items. Participants were included in the study if they had a body mass index (BMI) between 19.5 and 24.5, reported no history of neurological or psychiatric illness, did not currently use medications or drugs of abuse, and showed no evidence of disordered eating, as assessed by the Dutch Eating Behavior Questionnaire (Van Strien, Frijters, Bergers, and Defares, 1986 ) and the Three-Factor Eating Questionnaire (Stunkard & Messick, 1985) .
On scanning day, participants were given a standard meal (either breakfast or lunch depending on the time of the scan) 3 hr prior to scanning and were not allowed to eat anything else until after the scan. These meals were chosen by a nutritionist to have moderately low glycemic indices and low protein contents to avoid elevating plasma amino acids, which can affect brain function. The breakfast included orange juice (125 ml), cheddar cheese (42 g), whole wheat toast (1 slice), white toast (1 slice), strawberry jam (15 ml), butter (10 ml), 1 cup of coffee or tea with 2% milk (20 ml), and one sachet of white sugar, for a total of 480 calories. The lunch consisted of delistyle chicken or turkey (47 g), whole wheat bread (2 slices), 3% fat yogurt (100 g), high-fiber cookies (30g), and water, for a total of 426 calories. All participants ate the meal in its entirety.
These results are part of a larger study on the effects of the hormone ghrelin on the evaluation of food and nonfood objects. Participants in the study were scanned twice (once after a saline injection and a second time after a ghrelin injection) on different days. For this report on caloric density, results from only the saline injection (placebo) are presented.
Becker-DeGroot-Marshak auction
In the Becker-DeGroot-Marshak auction, participants bid between $0 and $5 in $0.50 increments for each auction item, and they are told that one of the items will be randomly chosen for an auction at the end of the session. During this auction, the computer randomly generates a price between $0 and $5. If the participant's bid is higher than the computer's price, he or she purchases the item at the computer's (lower) price and receives the remainder of the $5 in cash. Otherwise, the participant receives the entire $5 but does not get the item. Participants are told that they will remain in a supervised setting for 30 min after the scan, during which time they will be allowed to consume the chosen item if they won it. The optimum strategy is to bid what one is willing to pay for the item (Becker et al., 1964) , a fact that is emphasized to the participants. For further details on instructions, see Plassmann et al. (2007) .
Items had a wide distribution of actual price ($0.21-$4.19), and prior pilot testing in a separate group ensured that they were all rated positively on a liking scale and were highly familiar to our target population of local university students. Thirty of the food items were highcalorie sweet or savory junk foods (e.g., chocolate bars and chips), and 20 were low-calorie sweet or savory foods (e.g., fruits and vegetables).
Pearson's correlations were calculated between food bids (willingness to pay) and liking ratings, estimated calories, true caloric density, and true retail value. A mixed effects regression on caloric density, estimated calories, and retail price was also used to determine which variable was contributing the most to willingness to pay using SPSS 19.0 for Mac.
Brain-imaging methods
Neuroimaging was carried out with a 3T Siemens Magnetom Trio MRI scanner. Sessions began with the acquisition of high-resolution (voxel size of 1 mm 3 ), T1-weighted sagittal images for anatomical localization of the functional data. This was followed by acquisition of functional data, which consisted of six 8-min runs for the measurement of blood-oxygen-level-dependent (BOLD) signals during performance of the cue paradigm described in the following paragraph (repetition time = 2,110 ms, echo time = 30 ms, flip angle = 90°, voxel size = 3.5 mm × 3.5 mm × 3.5 mm, number of slices = 40).
In each of the six runs, photographs of 25 food items and 10 nonfood trinkets (e.g., DVDs, small toys) were presented, for a total of 150 different food and 60 different trinket trials. Each item was presented for 4 s, followed by a bid period. During bidding, participants moved a marker across a scale ranging from $0 to $5 and entered their bid using an MRI-compatible button device. Following the bid, there was an interstimulus interval of 3 to 4 s. Stimuli, presented using E-Prime software (Schneider, Eschman, & Zuccolotto, 2001) , were projected onto a screen that could be viewed via a mirror in the MRI scanner. Before and after each run, participants rated their hunger levels on a continuous visual analog scale from "not at all" to "extremely."
Imaging data were analyzed with Statistical Parametric Mapping (SPM) software (Version 8; Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, England). Preprocessing consisted of correction for sliceacquisition timing and motion, coregistration of the anatomical and functional volumes, and spatial smoothing with an 8-mm full-width at half-maximum Gaussian filter. All data were transformed into Montreal Neurological Institute (MNI) space (Collins, Neelin, Peters, & Evans, 1994) using the ICBM152 template. We then applied a general linear model (GLM), using an autoregressive AR(1) model to account for temporal autocorrelation of fMRI data; this model used the following regressors: food-image presentation, trinket presentation, food bidding period, trinket bidding period, missed bid trial, and missed image presentation. A trial was defined as a missed image presentation and missed bid trial if no bid was entered. All events were modeled using stick functions. Six motion parameters were also included as regressors of no interest.
Next, we generated two separate GLMs with distinct parametric modulators, in order to map the regions where activity correlated with stimulus value. In GLM 1, we used the bid amount entered for each food item. In GLM 2, we used the following parametric modulators in the following order: participants' estimates of caloric content, true caloric density, and retail price. Note that the order for the parametric modulation used in GLM 2 is important, as modulators were successively orthogonalized relative to the first factor that was defined. In this case, caloric density was orthogonalized with respect to estimated calories, and retail price was orthogonalized with respect to estimated calories and caloric density. We set up the parameters in this manner so that all effects would be attributed to estimated calories first. This would ensure that any effect of true calories would not be attributable to an influence of estimated calories.
Because subjective hunger levels measured after each functional run tended to increase, a repeated measures analysis of variance (ANOVA) was used in all analyses of imaging data to control for the effect of time, using run as the repeated measure. We first applied the GLM to each of the six runs for each participant. We then entered each participant's six contrast images from this GLM into a second-level within-subject ANOVA with run as a repeated measure to combine data across participants. For results reported in this article, we used an uncorrected threshold of p < .001 (t = 3.45) and a minimum cluster size of 10 voxels.
Analysis of functional connectivity in the vmPFC
To investigate brain networks involved in evaluating caloric density of food stimuli, we carried out a psychophysiological interaction (PPI) analysis. We used two GLMs for our PPI analyses: (a) neural response when passively viewing food images and (b) neural response when passively viewing food images as modulated by willingness to pay. The seed region for the connectivity analysis was a sphere of 6 mm centered on the vmPFC peak where activity correlated with caloric density of foods as identified in the preceding analysis. Results for the PPI are presented at a threshold of p < .001, uncorrected, with a minimum of 10 contiguous voxels.
Results
Four data sets were excluded for excessive movement during scanning, which left 25 for the final analysis.
Behavioral results
Bid amounts (willingness to pay) correlated with true caloric density (r = .659, p < .001, two-tailed; Fig. 1a ). Retail value also significantly correlated with willingness to pay (r = .503, p < .001, two-tailed). However, when retail value was controlled for, willingness to pay still correlated with caloric density (r = .664, p < .001, two-tailed). Willingness to pay did not correlate with liking rating (p = .78, two-tailed) or estimated calories (p = .56, twotailed; Fig. 1b) . Neither the true total caloric content of the food items nor their caloric density correlated with estimated calories (ps = .91 and .66, two-tailed, respectively; Fig. 1c ). Caloric density did not correlate with liking rating (p = .99, two-tailed).
A mixed effects regression using caloric density and estimated calories as independent variables, willingness to pay as the dependent variable, and retail price as a covariate showed that only caloric density trended toward a significant contribution to willingness to pay (p = .057).
Brain-imaging results
BOLD signals during the viewing of food images significantly correlated with caloric density in the vmPFC at MNI coordinates x = 3, y = 45, and z = −1 (Fig. 2, Table  1 ), as well as in the anterior cingulate cortex (ACC), striatum, and visual areas. BOLD signals correlated with bid amount (willingness to pay) in a slightly different vmPFC peak, as well as in the nucleus accumbens, ventral tegmental area and substantia nigra, orbitofrontal cortex (OFC), dorsomedial thalamus, anterior insula, ventrolateral prefrontal cortex, ACC, posterior cingulate cortex, posterior parietal cortex, pulvinar, and precuneus (Figs. 2 and 3, Table 2 ).
BOLD signals did not correlate with estimated calories in any part of the vmPFC. They did, however, correlate with estimated calories in primary and extrastriate visual areas: left lingual gyrus (x = -13, y = −91, z = −7; t = 7.62) and right occipital gyrus (x = 29, y = −90, z = −7; t = 4.58). BOLD signals did not correlate with retail price in any reward-related brain regions, but they did so in the left (x = -23, y = −94, z = −5; t value = 4.26) and right (x = 29, y = −87, z = −5; t = 4.22) occipital lobes.
Functional connectivity of the vmPFC
To better understand the networks involved in evaluating caloric density, we used a PPI analysis to explore connectivity of the vmPFC peak where BOLD signals were correlated with caloric density (x = 3, y = 45, z = −1). During the viewing of food images, the vmPFC was functionally connected to the anterior and mid insula ( Fig. 4a;  Table 3 ), which correspond to the primary taste and ingestive cortex. When this same brain activity was modulated by bid amount (i.e., willingness to pay), functional connectivity was found in the amygdala, hippocampus, and ventral striatum ( Fig. 4b; Table 4 ), which means that functional connectivity between vmPFC and these areas was modulated by bid amount.
Discussion
In the present study, the true caloric density of familiar foods predicted neural value signals, whereas the estimated number of calories explicitly reported by participants did not. Caloric density of food items was also significantly correlated with subjective value, as measured by the amount participants bid on those items (an index of willingness to pay; p < .05), whereas estimated calories were not. Notably, estimated calories also did not correlate with true caloric density or total calories of the food items. Despite participants being unable to accurately report the caloric content of the food items, their bids reflected the true caloric density of these familiar foods. Consistent with the behavioral results, the brain response to food cues correlated with caloric density in the key brain region involved in computation of subjective value: the vmPFC. This finding is consistent with previous research showing that normal-weight individuals have greater BOLD responses to high-versus low-calorie food pictures in the vmPFC (Killgore & Yurgelun-Todd, 2006) . In contrast, estimated calories did not correlate with brain response to food cues in the vmPFC.
We found that, consistent with prior work, when participants were evaluating the food items, BOLD responses in the vmPFC correlated with willingness to pay (Plassmann et al., 2007) . Brain activity also correlated with willingness to pay in other regions previously associated with decision making and value (Tang, Fellows, Small, & Dagher, 2012) , including the OFC (Padoa- Schioppa & Assad, 2006; Wallis, 2007) , striatum (Schultz, 2005) , and ACC (Kennerley, Walton, Behrens, Buckley, & Rushworth, 2006) . Other research has shown that damage affecting the vmPFC and OFC disrupts value-maximizing choices of food stimuli, which further supports a role for these regions in value-based decisions (Camille, Griffiths, Vo, Fellows, & Kable, 2011; Henri-Bhargava, Simioni, & Fellows, 2012) . Liking ratings, on the other hand, were primarily correlated with activity in the insula (see the Supplemental Material available online), which has been previously associated with processing the sensory properties of food (de Araujo, Geha, & Small, 2012; Scott & PlataSalaman, 1999) . Our findings are also consistent with prior work showing that after a few exposures to fruitflavored solutions, activity in the insula correlated with liking ratings but not caloric content, whereas activity in the nucleus accumbens correlated with the caloric The vmPFC region in which activation was most strongly related to caloric density was functionally connected during food-item viewing to the middle and anterior insula, a region referred to as the ingestive cortex (Scott & Plata-Salaman, 1999) because it responds to taste information as well as to the sensory and incentive properties of food stimuli (de Araujo et al., 2012) . This finding is consistent with the theory that the vmPFC draws on sensory information to establish value, integrating responses from brain regions that represent relevant attributes of the stimuli. Lim, O'Doherty, and Rangel (2013) , using a valuation task of faces and money, found functional connectivity of the vmPFC and the fusiform gyrus (a region associated with processing visual features) during evaluation of visual esthetics, and they also uncovered connections to the posterior temporal gyrus (a region associated with semantic meaning) when participants evaluated semantic attributes. A different study found functional connectivity among striatal regions, the vmPFC, and primary auditory cortices when participants were estimating the subjective value of music (Salimpoor et al., 2013) . When we shifted our analysis to the neural correlates of willingness to pay per se (i.e., value), functional connectivity to the vmPFC now involved the amygdala, hippocampus, and ventral striatum, all regions that are part of the mesolimbic pathway, but not the insula. One interpretation of this finding is that the insula is involved in recalling the sensory characteristics of the food item, irrespective of current subjective value, but that the vmPFC and mesolimbic regions are implicated in the computation of current subjective value.
Despite the fact that participants were poor at explicitly judging the caloric content of familiar food items, caloric density of the foods was a determinant of willingness to pay and brain activity. This suggests that the reward value of a food is dependent on its nutritional constituents, notably on its caloric content, acquired through experience. One study showed that human visual-evoked potentials detected very rapidly after exposure to food images (165 ms) correlated with the caloric content of the foods, which suggests the occurrence of implicit processing of energy density (Toepel, Knebel, Hudry, le Coutre, & Murray, 2009 ). Previous animal evidence also suggests that fuel oxidation in the brain following food ingestion activates dopamine neurons (Ren et al., 2010) . This dopaminergic signal may condition individuals, in a Pavlovian sense, to the caloric content of foods. Indeed, in rodents, conditioning to the caloric content of foods depends on dopamine signaling in the amygdala and ventral striatum (Touzani, Bodnar, & Sclafani, 2010) , areas that demonstrated value-dependent functional connectivity with the calorie-sensitive vmPFC peak in our study. Our finding that perceived calories have no impact on food valuation may appear to conflict with previous work showing that people eat less when they think calories are higher (Provencher, Polivy, & Herman, 2009 ). However, in that study, participants were explicitly told the "caloric content" of the food items, whereas our study explored the implicit knowledge of true caloric density.
Finally, while caloric density is usually thought to promote satiety, another possibility is that calorically dense foods act as cues to overconsumption. Here, we found that the caloric density of foods was tracked by the vmPFC and striatum, two areas where response to food cues predicts subsequent consumption (Lawrence et al., 2012) . The work presented here is a first step in understanding the attribution of value to food by brain circuits that control motivated choice. 
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